Hybrid organic/inorganic interfaces have been widely reported to host emergent properties that go beyond those of their single constituents. Coupling molecules to the recently discovered topological insulators, which possess a linearly dispersing and spin-momentum-locked Dirac fermions, may offer a promising platform towards new functionalities. Here, we report a scanning tunneling microscopy and spectroscopy study of the prototypical interface between MnPc molecules and a Bi 2 Te 3 surface. MnPc is found to bind stably to the substrate through its central Mn atom. The adsorption process is only accompanied with a minor charge transfer across the interface, resulting in a moderately n-doped Bi 2 Te 3 surface. More remarkably, topological states remain completely unaffected by the presence of the molecules, as evidenced by the absence of scattering patterns around adsorption sites. Interestingly, we show that, while the HOMO and LUMO orbitals closely resembles those of MnPc in the gas phase, a new hybrid states emerges through interaction with the substrate. Our results pave the way towards hybrid organic-topological insulator heterostructures, which may unveil a broad range of exciting and unknown phenomena.
Introduction
Over the past decade the emerging field of molecular electronics has shown its great potential for the realization of sensors, switches, and magnetic memories. 1 In comparison with other conventional semiconductor-based integrated circuits, molecular electronics holds the promise of several advantages, such as low production costs, compatibility with scaling, low power consumption and, most of all, high tunability through chemical modifications. Although the choice of appropriate substrates and the formation of reproducible electrical leads to support and contact single molecules have been the main challenges towards a broader application of molecular electronics, respectively, the identification of suitable materials may open up effective strategies for further expanding the functionality of molecular building blocks.
Within this framework, molecules have been successfully coupled to a large variety of materials to create efficient spin valves, [2] [3] [4] as well as Coulomb blockade, 5 negative differential resistance effects 6 and molecular switches. 7 On this route, the recently discovered topological insulators (TI) represent a promising new class of materials. 8, 9 TIs are insulating in the bulk but conductive on their surface, where they host linearly dispersing Dirac fermions protected by time-reversal symmetry. The strong spin-orbit coupling perpendicularly locks the spin to the momentum, resulting in a chiral spin texture which forbids backscattering, thus increasing the spin coherence time and making charge currents intrinsically related to spin currents. 10 All these properties make TIs a particularly attractive substrate for molecular magnetism.
Despite these interesting properties, we are not aware of any investigation that discusses the structural or electronic properties of interfaces between molecules and topological insulators. Here, we report on a detailed scanning tunneling microscopy (STM) and spectroscopy (STS) study of a prototypical model system consisting of Mn-phthalocyanine (MnPc) coupled to Bi 2 Te 3 . Our choice was motived by the fact that transition metal phthalocyanines are representative of a broad class of planar metal-organic compounds where the presence of partially empty d orbitals in the central metal atom gives them interesting magnetic properties. [11] [12] [13] Bi 2 Te 3 , on the other hand, is a well studied TI characterized by a single Dirac cone centered around the Γ point which makes it a In fact, a slight distortion of the molecule's four-fold symmetry can already be recognized in the overview scan of 1(a). This is confirmed by the atomically resolved images reported in 1(b-d) which also show the inequivalent appearance of the axis, with the one aligned along a dense-packed rows of Te atoms appearing slightly brighter than the other. This indicates that the symmetry of the molecules is reduced to two-fold upon adsorption. [17] [18] [19] As it will be described in the following, the ligand-substrate interaction impacts the electronic states and leads to the appearance of hybrid molecule-substrate states.
Interestingly, this adsorption scenario was found to be temperature independent up to room temperature. By warming the sample up to room temperature and subsequently cooling it down In the present case, they can thus effectively hybridize with the substrate p z orbitals, which are known to be those closer to the Fermi level. 25 Earlier studies of molecules strongly bound to metal 22, 23 or semiconductor surfaces 20 orbital density contours of Pc molecules in the gas phase, respectively. Similar observations have been reported for molecules adsorbed on insulators 15 and indicate that these states are weakly interacting with the substrate.
The conductance at +0.45 eV, on the other hand, exhibits a two fold symmetry, as already observed in the constant-current image of 1. This allows us to assign this feature to a new moleculesurface hybrid state which may occur at the interface where the molecule interacts with metallic states. 16 Our assignment is corroborated by the spatial distribution of this state, which very closely resembles hybrid states found at Pc/noble metal interfaces. 27 It is further confirmed by the differential conductance map taken at the onset of this resonance (see panel E = −0.35 eV), which shows how this state emerges from a 6-fold symmetry, i.e. the symmetry of the substrate.
The spectrum measured with the STM tip located above the central Mn ion shows that all peaks discussed so far are strongly suppressed (see blue spectrum). Instead, a step-like function is visible in the energy region within the hybrid state and the LUMO (i.e. between 0.5 and 1 eV) which indicates the presence of several orbitals in a narrow energy region. Indeed, inspection of the differential conductance map measured at E = +0.60 eV confirms the presence of an electronic state that is mainly localized at the Mn atom. It is well known that-contrary to "late" transition metals (Ni and Cu) Pc molecules, where the 3d orbital of the central atom does not play any significant role in determining the low energy electronic properties-the situation is quite different for "early" transition metal Pc (Fe and Mn). 23 In particular, for MnPc both the HOMO and the LUMO as well as 3d-orbitals with symmetry e g (d xz,yz ), a 1g (d z 2 ), and b 2g (d xy ) can be found within a relatively narrow energy range around the Fermi level. 28 This results in a stronger metal-ligand hybridization, 24 with the delocalized orbitals acquiring a d component, an effect which depends on the spatial and energy proximity of the states with e g symmetry.
At an energy of approximately 1.5 eV, a strong peak absent on the ligand emerges from the background once the tip is positioned onto the Mn atom. Although a detailed characterization of the Mn orbitals occupancy is beyond the scope of the present work, its spatial location and strong intensity allows to assign it to the d z 2 orbital, whose density, perpendicular to surface plane, extends into the vacuum making its detection by the STM tip particularly effective. Similar to MnPc molecules adsorbed on Bi(110), its broadening is though to be a result of the hybridization with the substrate. 12 Interestingly, we found clear signature of how electronic correlations on the central 3d metal ion influence the overall electronic structure of the system. This is done by studying the MnPc energy levels once the central Mn atom is adsorbed on top of a defect, which may be view as a perturbation potential influencing the e-e-interaction. Fig. 4(a) reports a constant-current image (inset) and STS spectra of the pristine Bi 2 Te 3 surface and a typical Bi 2 Te 3 defect, i.e. a Bi Te antisite located in the fifth layer. 29 Note that the influence of the defect on the surface electronic properties is marginal, as can be inferred by comparing spectra taken on top of the defect (red line) and a defect-free region few nanometers away from it (black line). Whenever a molecule was found adsorbed with the molecule-substrate state emerges into the unoccuppied states. Overall, our characterization of a prototype hybrid organic-TI interface provides evidence that these materials can be successfully combined to create stable interfaces. Because of the non trivial spin-properties of topological states, these interfaces represent thus a promising platform to explore spin-related phenomena once magnetic-molecules are coupled to them. For example, the long spin relaxation time typical of molecules and the absence of backscattering in topological states is expected to result in interfaces with a strongly increased spin coherence time, an important quantity for spintronic devices in which the information is encoded by the spin degree of freedom.
Methods
The experiments have been performed in a ultra high vacuum (UHV) system equipped with a cryogenic STM. The Bi 2 Te 3 single-crystal samples were grown using the Bridgman technique. 30 They have been cleaved in UHV at a base pressure of 3 · 10 −11 mbar and immediately inserted into the STM operated at T = 4.8 K. Source materials with 99 % MnPc (Sigma Aldrich) were first purified by sublimation in a tube furnace and then degassed overnight under UHV condition.
MnPc molecules were deposited directly onto the cold Bi 2 Te 3 surface (T = 5.3 K) by using an home made Knudsen cell.
